IT has become increasingly evident during the past several years that the single, fixedlocation dipole generator serves only as a firstorder approximation in accounting for the distribution of electrocardiographic potentials over the body surface.' 3 In principle any desired degree of approximation may be achieved by superimposing multipolar equivalent generators of higher order upon the dipole.4 5 Roughly speaking, generators of the second order (quadripoles) represent dislocation of the heart's electrical center from the origin of the reference system whereas thirdorder (octapolar) behavior is due largely to the spreading out of dipolar elements into one or more electromotive surfaces.
IT has become increasingly evident during the past several years that the single, fixedlocation dipole generator serves only as a firstorder approximation in accounting for the distribution of electrocardiographic potentials over the body surface. ' 3 In principle any desired degree of approximation may be achieved by superimposing multipolar equivalent generators of higher order upon the dipole.4 5 Roughly speaking, generators of the second order (quadripoles) represent dislocation of the heart's electrical center from the origin of the reference system whereas thirdorder (octapolar) behavior is due largely to the spreading out of dipolar elements into one or more electromotive surfaces.
Ideal vectorcardiographic leads may be defined as those capable of responding accurately and exclusively to the dipolar components of the equivalent cardiac generator. In a previous study6 we were able to demonstrate sizable deviations from the ideal situation in several leads of three corrected vectorcardiographic systems.7 Subsequent refinements in experimental technique now permit us to extend the original method of lead analysis to ordinary electrocardiographic and uncorrected vectorcardiographic connections. Further developments in data handling have also resulted in the construction of new, highly corrected anteroposterior and transverse connections whose properties closely approximate those of the corresponding ideal vectorcardiographic leads. Torso-shaped tank employed in determining lead properties. In making lead analysis measurements the model is filled with 0.01% salt solution. The larger white circle with the dark center indicates the estimated centroid of the ventricular mass as projected to the anterior surface. The smaller circular markers show the locations of 16 electrodes which were applied to the anterior surface in the form of a cartesian grid. A similar electrode-array was applied to the posterior surface. The individual members of the anterior grid were weighted in a manner which produced a highly corrected vectorcardiographic Z lead.
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Figure 2
Electrode assembly used for sampling and measuring lead fields. Twenty-one spherical electrodes are arrayed in the form of an 8.52-cm radius circle which rotates about a polar axis. Two electrodes are located at the north and south-pole positions, respectively, with an additional reference electrode located at the center of the area. During rotation the remaining electrodes sweep out sampling circles whose planes divide the polar axis into 20 equal segments. Electrode locations are accurate to ±0.1 mm. The array is normally rotated in angular increments of 14.4°by a programmed stepping motor. For electrodes which pass through regions of rapidly changing electrical gradient, the stepping intervals are reduced to 1.80. Circulation, Volume XXXIV, October 1966 saline solution after silver foil electrodes of appropriate size and shape had been applied to desired locations on the inner surface. The lead field'0' 11 of a given connection was generated by reciprocally energizing the corresponding electrode pair with 1,000 cycle-per-second alternating current from an external source. Measurements of lead field potential were made automatically by a self-balancing impedance bridge, with output on punch cards in a form suitable for digital computing processing. 12 Sensing electrodes consisted of 21 brass spheres, 4.0 mm in diameter, arrayed in the form of an 8.52-cm radius circle ( fig. 2 ). The center of the circle was located in the tank model at the estimated centroid of the ventricular mass. Rotation of the array about a vertical axis swept out a spherical sampling surface with electrodes located at its north and south poles, respectively. The remaining electrodes described circles of latitude whose planes divided the polar axis into 20 equal segments. A precisely machined jig plate was used in assembling the array and checking its accuracy. After final assembly each electrode was found to be within 0.1 mm of its desired location.
As employed in lead field measurements, the assembly is rotated in equiangular steps of 14.4°. Each step occurs in 5 seconds, followed by another 5 seconds of dwell-time which allows for completion of bridge balancing and datum punch-out. Thus a given electrode provides 25 measurements of lead field potential during one complete rotation. At the end of each revolution a programmed halt allows the operator to turn a selector switch from the one sampling electrode to the next before reactivating the driving mechanism. The entire procedure gives measurements from 477 positions which are systematically located on an imaginary spherical reference surface.
Each lead field is resolved into a set of component functions which are specified by coefficients, Pnm and qn1, of the mth order and nth degree (see Appendix, equations 1 and 2). Although we routinely carry out this procedure through the sixth degree and order, presentation in this report is limited to those coefficients which are concerned with the sensing of dipoles (plo, pll, qll), quadripoles (P20, P21, q21, P22, q22), and octapoles (p30, P31, q31, P32, q32, p33, q33). The great redundancy of the raw data from which these 15 coefficients are determined almost certainly contributes significantly to the precision of the method.
The following connections were reciprocally energized and their field measurements were recorded: (1) The four electrodes of the tetrahedron system13 taken in all possible pairings, giving six-electrode pairs rather than three unique leads. (2) The same for the cube system electrodes.'4 (3) From each member of a 16-electrode precordial grid to an interconnected posterior grid of the same configuration. (4) The same for a 4-electrode left lateral grid with respect to an interconnected right lateral grid. (5) From each of the standard precordial locations to a terminal composed of the interconnected right arm, left arm and left leg electrodes.
Each set of lead field measurements was resolved into components through the sixth degree and order according to equations 2 and 3 of the appendix. The values thus obtained were adjusted to a standard medium resistivity of 1,000 ohm-cm as compared to an actual resistivity of approximately 6,500 ohm-cm. The parameters of the augmented unipolar extremity leads were determined by averaging the values (with change of sign where necessary) of pairs of bipolar extremity leads. The additional nonunique lead information obtained for the cube and tetrahedron configurations was employed to check the accuracy of the method. For example the standard bipolar extremity leads form a Kirchoff's law loop such that the Einthoven law applies to their respective components as well as to their outputs. Results
Uncorrected Vectorcardiographic Leads
Vectorcardiographic lead systems which are based on the placement of electrodes in simple geometric configurations are generally not orthonormal. That is, the scale factors of the individual leads differ from each other and, of greater importance, the lead axes do not form a mutually orthogonal set. The lack of parallelism between the electrical and geometric axes of a lead connection produces distortions in vectorcardiographic registration which have been demonstrated by Frank in three-dimensional models'5 and by ourselves in laminar models."6 With the development of conceptual and experimental methods for quantitatively resolving lead properties into nondipolar as well as dipolar sensing characteristics 12, 17, 18 it is possible to examine the inherent distortion of geometrically simple systems in greater depth.
Data pertaining to the tetrahedron and cube lead systems are summarized in table 1, which gives their dipole sensitivities and axis orientations, and in table 2, which indicates their individual and relative responsiveness to various dipolar and nondipolar components of the equivalent cardiac generator. The most nearly orthogonal lead axis of both systems is the tetrahedron Z (lead VB) which shows an incident angle of 82.60 with the frontal vectorcardiographic plane. All other axes are nonorthogonal, with the angles of incidence ranging from 52.9 to 64.30. The direction cosines indicate that the two vertical leads form angles of 10.1 and 12.1°, respectively, with the corresponding anatomic axis. The tetrahedron X is oriented at 18.7°to the transverse anatomic axis. These are the more favorable examples of correspondence between electrical and geometric orientation; all other skew angles exceed 27.00. Both systems show an undesired inherent sensitivity to nondipolar equivalent generator content. The greatest offender is the tetrahedron Z connection which has 61.1% quadripolar and 24.4% octapolar responsiveness as compared to dipolar sensitivity. The corresponding values for cube Z are not much less. The two vertical leads are the least distorted as well as the best oriented. Lead VF is somewhat superior to cube Y in both respects.
Properties of Unipolar Leads
Lead field measurements were made of the so-called unipolar leads, V, through V6, and resolved into components through the sixth Circulation, Volume XXXIV, October 1966 degree and order. The first 15 of these (through the octapole sensing series) were subjected to further analysis. As anticipated from their proximity to the cardiac region, all six leads showed relatively strong quadripolar and octapolar responsiveness. The parameters of a typical example, lead V3, are listed in table 2. In order to give greater physical meaning to the results, a computer program was developed which compared them to the components of idealized unipolar leads. The program determined in successive steps the radial distance, angle of elevation, and azimuthal angle of a point electrode in an extended medium whose field, taken through the octapolar series, best matched each of the experimentally observed fields. The idealized V3 parameters are also listed in table 2 for comparison with the values derived from the experimental observations.
The comparative properties of the actual and idealized precordial leads are summarized in table 3 and depicted graphically in figure  3 . It is apparent from these that leads V1 and V2 approximate the ideal situation fairly well whereas V4 and V5 do so rather poorly. Leads V3 and V6 show an intermediate quality of approximation. Of the augmented unipolar extremity leads, which were analyzed in the same manner, aVL and aVF match their fitted ideals rather well. Lead aVR shows good correspondence of experimental and fitted lead vectors but a large total coefficient of deviation. The discrepancy is related to poor matching of quadripolar and octapolar parameters. Based on the distance of the virtual points from the cardiac center, leads aVR and aVL are classed as semi-proximate, and aVF as remote. Components of ideal unipolar electrodes are fitted to actual lead components in a least-squares manner through the octapole-sensing series. The location index is the ratio of distances from the cardiac center to fitted and anatomic electrode positions, respectively. As indicated in the appendix the total error is a measure of the deviation between the two multicomponent lead vectors. Highly Corrected Anteroposterior and Transverse Leads A 4-by-4 cartesian grid of electrode locations was laid out on the anterior chest wall ( fig. 1 ) with the center of the grid directly overlying the centroid of the ventricular mass and with a "wrap-around" interelectrode separation of 6.35 cm. A set of 16 electrodes was applied in the same pattern to the posterior surface of the model with each electrode connected directly to a common back terminal. A 10-mm diameter silver foil electrode was successively placed at each of the anterior grid locations, and its reciprocal field to the posterior array sampled and recorded.
The purpose of the procedure was to compound a grid connection in such a manner that all lead components except the anteroposterior dipolar vanished. Since the number of electrodes exceeds the number of lead components under consideration, innumerable combinations of this kind are possible. However each solution which we obtained with one electrode arbitrarily weighted at zero yielded some negative, and consequently undesirable, weighting factors. Therefore a leastsquares treatment of the problem was devel-oped which includes all 16 of the anterior electrodes and which is constrained to eliminate negative weighting factors.
A vectorcardiographic Z lead with exceptionally desirable properties has thus been developed (tables 1 and 2, and figs. 4 and 5). Alignment of its lead vector (electrical axis) with the anteroposterior anatomic axis is virtually perfect and its residual quadripolar and octapolar sensitivities are each less than 2% of the dipole sensing component. The isopotential surfaces of its reciprocal field are nearly plane and parallel, as is to be expected of a highly corrected dipole lead, except for slight bowing toward the posterior portion of the cardiac region.
A similarly corrected lead was developed for transverse registration, consisting of the arm connections and an approximately rectangular array of four electrodes applied to each lateral surface of the chest wall. The electrodes were located in the anterior and posterior axillary lines at the transverse level of the cardiac center, and 11.4 cm below that level. This distance is 90% of the distance from the heart-center level to the estimated center Figure 4 Lead field of the weighted anteroposterior grid connection, shown as isopotential surface traces in a horizontal and sagittal plane. Each field map covers a 12-cm square area and its center coincides with the centroid of the ventricular mass. Ideally the isopotential lines would be straight and oriented at right angles to the anteroposterior axis of the figures. Lead field of a weighted transverse grid connection. The curved lines are traces of the isopotential surfaces in a frontally and horizontally oriented plane which passes through the centroid of the ventricular mass. Spacing between the coordinate lines is 1 cm. Ideally the isopotential lines would be rectilinear, equally spaced, and vertically oriented in the two views.
of the shoulder attachment. The right-sided members of the 4-electrode array were electrically interconnected as in the case of the posterior grid. The field parameters of lead I and each of the left-sided electrodes were employed to determine individual weighting factors but, unlike the case of the anteroposterior grid, uniformly positive solutions were obtained without the necessity of imposing constraints. The quality of the resulting connection proved similar to that of the compound Z lead (tables 1 and 2).
Comments on Accuracy of the Experimental Method
The reliability of the experimental technique was checked in a number of ways. Testing of the sampling electrode assembly in a uniform field generated by parallel plate electrodes in a rectangular tank proved particularly reassuring. Theoretically a uniform field contains no components except those of the first degree. Experimental measurements yielded relative field strengths of 100.0, 0.54, 0.07, 0.16, 0.21, and 0.12%, respectively, through the first six degrees. The spurious residual val-ues are approximately half as large as those obtained with the previously employed sampling device. 6' 12 The numerical integration program employed to evaluate the lead parameters according to equation 2 was rigorously tested by data from hypothetical fields with known multipolar content. The routine data processing method results in small but significant error when applied to "hot leads" in which one or more of the sampling electrodes passes very close to a precordial electrode. This error was virtually eliminated by increasing the sampling rate from 25 to 200 steps per circle in these special cases.
Repeated checks on drift and reproducibility showed that the system functions in a stable manner over periods of several days. In fact, a lead I analysis performed in January 1966 did not differ materially from another done 19 months earlier. Extensive checks on Kirchoff's law loop closure applied to all cube and tetrahedron components through the octapolar series did not uncover significant error.
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Discussion
Vectorcardiographic lead systems are intended to record the dipolar content of equivalent cardiac generators. The reliability of the technique depends in part upon the accuracy with which lead axis orientations and scale factors are known, and in part upon freedom from distortion due to translocation and spitial distribution of the heart's electromotive forces. The achievement of these conditions requires the application of multiple-electrode connections to the body surface, particularly in the case of transverse and anteroposterior leads.
The scientific propriety of extrapolating the results of torso model studies to clinical application is rightfully subject to challenge. The volume conductor characteristics of thoracic contents differ considerably from those of a simple electrolytic medium and probably exert a significant effect on the transmission of the electrocardiographic signal from heart to chest wall. Although attempts have been made to evaluate the influence of such factors as phase inhomogeneities (for example, the intracavitary blood masses ) 19 and the electrical anisotropy of heart muscle,20 accurate quantitative information is still lacking on the transfer characteristics between various myocardial and chest wall sites.
On the other hand, the distribution of electrocardiographic potentials on the body surface has already been investigated in some detail1-3 21 and reveals, among other things, significant nondipolar effects. Lacking sufficient conceptual and experimental tools with which to reconstruct actual cardiac behavior from body surface potentials, the experimentalist alternatively attempts to determine an equivalent generator which would produce identical surface patterns if the body were a simple volume conductor. Within the framework of this presently inescapable idealization the behavior of a given lead may be accurately quantified as being dependent in part on the dipolar and nondipolar content of the equivalent generator, and in part upon the ability of the lead to recognize each such component.
Circulation, Volume XXXIV, October 1966 It is possible, though not practical, to construct vectorcardiographic leads of any desired accuracy by applying a large number of electrodes to the entire torso according to well-defined principles of individual location and weighting. 22 The application of fewer, systematically arrayed electrodes to less extensive areas of the torso surface results in compound leads of the grid type.7'23 In developing the highly corrected X and Z connections described in this report, we have attempted to combine the relative practicality of a surface grid with the increased accuracy of registration which is to be gained by properly weighting the individual members of the grid. The weighting factors of these two leads are listed as reciprocals in table 4. Multiplying each of these by some base value of resistance (10,000 ohms for the anterior grid and 33,000 ohms for the lateral grids are probably satisfactory choices) specifies the resistor sets which correct the lead properties as desired.
The weighted X and Z grids taken together with the previously described symmetric Y connection6 form a vectorcardiographic lead system which closely approximates the inherent characteristics of an ideal set-mutual orthogonality of axes, alignment of electrical with anatomic axes, and insensitivity to nondipolar components of the equivalent cardiac generator. The further condition of equal scaling is readily achieved by setting the The resistor values are shown in positions which correspond to respective electrode locations when the torso is viewed in its anterior and left lateral aspects. Each value is to be multiplied by some base resistance, for example, 10,000 ohms for anterior electrodes and 33,000 ohms for left lateral electrodes. The right arm is weighted with 3.12R and all remaining right-sided elements with 5.88R. All posterior electrodes carry equal weighting resistors. sensitivity of each amplifier inversely proportional to the corresponding lead vector magnitudes.
The observations on the two uncorrected lead systems simply confirm that the properties of an ideal system cannot be approximated by connections which consist of a minimal number of electrodes located in accordance with geometric rather than electrical orthogonality. Despite the considerable distortion which must be inherent in such systems, they nevertheless produce records of demonstrated clinical pertinence. Undoubtedly, this favorable aspect is related to the redundancy of body surface electrocardiograms wherein the totality of waveform information, at least in normals, is largely reducible to three base signals.3 This means that vector loops recorded by one system will be anamorphic with those recorded by another system, and that a set of diagnostic criteria may likely be discovered empirically for any system.
It does not follow, however, that the ranges of normality and the diagnostic criteria which apply to one system are convertible to other systems. Even the three corrected systems which seem to be most commonly employed7-9 cannot be accurately interchanged on a population basis.24 For reasons such as this an accurately designed lead system to serve at least as a "laboratory standard" appears to be needed. The construction of such leads is now feasible, at least for application to the average normal male torso. The effects due to differences in bodily habitus have not yet been explored to determine whether significant adjustments will be necessary.
Analysis of the precordial leads demonstrates that they are approximately unipolar. In leads V, and V2 the correspondence between the actual and ideal unipolar situations is quite close. Since the electrodes are electrically as well as anatomically proximate to the heart, they sense both dipolar and nondipolar activity. This fact does not seem in accord with the observation that precordial waveforms can be fairly well synthesized from three approximately dipolar leads. 25 26 The paradox is, again, related to the limited variety of signal morphology on the thoracic wall.3 Synthesis of a given electrocardiographic complex from other leads is a form of the cancellation procedure27 and, therefore, does not reliably indicate that either the lead or the generator is dipolar.
Summary
An improved experimental method was employed to determine the dipolar and nondipolar sensing characteristics of various lead connections in an electrically homogeneous human torso model. The intrinsic properties of the cube and tetrahedron leads were compared with those of an ideal vectorcardiographic system. The conventional precordial leads, V1 through V6, were analyzed anatomically and electrically with respect to corresponding ideal unipolar leads, with similar treatment of the augmented unipolar extremity leads. Finally, methods of constructing highly corrected anteroposterior and transverse vectorcardiographic leads were developed.
The study of the cube and tetrahedron systems confirms in strict quantitative terms that they are not suited for accurate vectorcardiographic registration. The defects of existing Z leads are greatly minimized by the use of a grid system in which the electrodes of the anteriorly applied array are individually weighted. An X lead of similar quality was achieved by a transverse grid in which the left-sided electrodes, including the arm connection, were also weighted individually. These two corrected leads, together with a previously described vertical connection, form a vectorcardiographic system whose inherent properties approach those of an ideal system. Analysis of the precordial unipolar leads demonstrates that they are in fact proximity electrodes and some of them are approximately unipolar in their behavior. Leads aVR and aVL are classed as semi-remote, and lead aVF as remote.
Thoracic structures are not electrically homogeneous or isotropic. Nevertheless, lacking definitive information on the manner in which these factors influence the electrocardiographic transfer properties of the body, the study of electrolyte-filled models remains a valid experimental basis for lead analysis and synthesis. ucos MKO>d4 \sinm/¢ Pnm (,u) d (2) where us is the lead field potential on the spherical reference surface, r = R. The formula applies to zeroth as well as higher order coefficients. Since the quantities contained between brackets in equation 2 are Fourier coefficients of the potential function around a given sampling circle, they may be accurately determined by numerical integration according to the trapezoidal rule. The remainder of our procedure consists of interpolating the Fourier coefficients at half-intervals of the argument, ,u, and then integrating by Simpson's rule.
In order to compare the various Pnm and qnm with each other, they are normalized to The modified coefficients are the root-mean-square contribution of each field component to the potential on a secondary spherical reference surface of radius, R1. This property puts all coefficients on an equal footing which permits them to be compared directly with each other and to be summed in the Pythagorean manner. R is 8.52
